Available  online  at  www.sciencedirect.com 


ELSEVIER 


*V  ScienceDirect 


Journal  of  Power  Sources  162  (2006)  636-643 


JOURNAL  Of 


www.elsevier.com /locate /jpowsour 


Synthesis  and  physicochemical  properties  of  LiAlo.osMni  95O4  cathode 

material  by  the  ultrasonic-assisted  sol-gel  method 

Tingfeng  Yi  *,  Xinguo  Hu,  Kun  Gao 

Department  of  Applied  Chemistry  of  Harbin  Institute  of  Technology,  Harbin  150001,  PR  China 

Received  13  May  2006;  received  in  revised  form  30  June  2006;  accepted  9  July  2006 

Available  online  14  August  2006 


Abstract 

Spinel  LiAl0.05Mn1.95O4  has  been  successfully  synthesized  by  a  new  ultrasonic-assisted  sol-gel  (UASG)  method.  The  structure  and  physico¬ 
chemical  properties  of  this  as-prepared  powder  compared  with  the  pristine  LiMn204  and  LiAl0.05Mni.95O4  synthesized  by  the  traditional  sol-gel 
method  were  investigated  by  differential  thermal  analysis  (DTA)  and  thermogravimetery  (TG),  powder  X-ray  diffraction  (XRD),  X-ray  photo¬ 
electron  spectroscopy  (XPS),  Fourier  transform  infrared  (FT-IR)  spectroscopy,  scanning  electron  microscopy  (SEM),  cyclic  voltammetry  (CV), 
and  galvanostatic  charge-discharge  testing  in  detail.  The  results  show  that  all  samples  have  high  phase  purity,  and  ultrasonic  process  plays  an 
important  role  in  controlling  morphology;  LiAl0.05Mn1.95O4  has  higher  Mn  oxidation  state,  and  the  absorption  peak  of  Mn(III)— O  and  Mn(IV)— O 
bonds  has  blue  shift  because  of  the  doped  Al.  CV  confirms  that  the  LiAl0.05Mn1.95O4  sample  (UASG)  has  a  good  reversibility  and  its  structure  is 
very  advantageous  for  the  transportation  of  lithium  ions.  The  charge-discharge  tests  indicate  that  LiAl0.05Mn1.95O4  (UASG)  has  nearly  equal  initial 
capacity  with  LiMn204  (sol-gel)  at  1C  discharge  rate,  but  LiAlo.05  Mni.95  O4  (UASG)  has  higher  discharge  potential  than  that  of  LiMn204  (sol-gel). 
In  addition,  LiAl0.05Mn1.95O4  (UASG)  has  higher  discharge  potential  and  capacity  than  that  of  LiAl0.05Mn1.95O4  (sol-gel)  at  1C  discharge  rate,  and 
LiAlo.05Mn1.95O4  (UASG)  has  high  capacity  retention  at  C/3  and  1C  discharge  rate  among  three  samples  after  50  cycles,  which  reveals  that  the 
sample  obtained  via  UASG  method,  has  the  best  electrochemical  performance  among  three  samples. 

©  2006  Elsevier  B.V.  All  rights  reserved. 
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1.  Introduction 

Spinel  LiMn204  has  received  a  great  deal  of  attention  as 
the  most  promising  cathode  material  for  lithium  ion  batteries 
because  of  its  low  cost  and  lower  toxicity  compared  with  the 
layered  oxides  LiCoC>2  and  LiNiC>2  [1,2].  In  spite  of  these  advan¬ 
tages,  LiMn2C>4  has  the  problem  of  severe  capacity  fading  during 
charge-discharge  cycles,  which  makes  it  unsuitable  for  com¬ 
mercial  performances.  This  problem  has  been  discussed  based 
on  the  following  factors:  manganese  dissolution  [3],  electrolyte 
decomposition  at  high  potentials  [4],  Jahn-Teller  distortion  at 
the  deeply  discharged  state  [5],  and  lattice  instability  [6].  Of 
the  above  factors,  dissolution  of  manganese  into  the  electrolyte 
during  cycling  is  believed  to  be  the  main  one.  To  solve  these 
problems,  many  researchers  have  studied  the  mechanism  of 
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capacity  fading  and  have  put  forward  some  method  to  overcome 
capacity  fading  by  doping  the  spinel  with  several  cations,  such 
as  Al  [7-9],  transition  metal  ions  [10-14],  etc.  to  enhance  the 
structural  stability.  It  is  well  known  that  the  aluminum  is  abun¬ 
dant,  less  expensive,  and  lighter  than  the  transition  metal  group, 
so  Al- substituted  Li-Mn-0  spinel  is  expected  to  be  a  cath¬ 
ode  material  with  lower  cost  than  transition  metals  substituted 
LiMn2C>4.  Moreover,  many  researchers  [7-9]  have  reported  the 
Al-substituted  LiAl^Mn2-^04  spinel  showed  relatively  good 
electrochemical  performances. 

The  charge-discharge  capacity  and  cycle  performance  of 
LiMn2C>4  were  greatly  affected  by  synthesis  methods  and 
condition  [15].  In  general,  LiAlo.05 Mni .95 O4  was  prepared  by  a 
conventional  solid-state  method.  However,  it  requires  prolonged 
heat  treatment  at  relatively  high  temperatures  with  repeatedly 
intermediate  grinding.  Moreover,  this  method  does  not  pro¬ 
vide  good  control  on  the  crystalline  growth,  compositional 
homogeneity,  morphology  and  microstructure.  The  sol-gel 
method  gives  LiM^CU  with  a  fine  particle  size,  a  narrow  size 
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distribution,  and  uniform  composition,  which  leads  to  high 
electrochemical  performance,  so  it  has  been  widely  used  to 
prepare  positive  electrode  materials  of  lithium  ion  batteries  [2]. 

In  present  work,  Al-doped  LiAlo.05Mn1.95O4  powders  were 
successfully  prepared  by  a  new  simple  ultrasonic-assisted 
sol-gel  (UASG)  method.  The  structure,  morphology  and  elec¬ 
trochemical  properties  of  the  products  have  been  investigated  in 
detail. 

2.  Experimental 

2.7.  Materials  preparation 

The  samples  of  spinel  LiAlo.osMni  .95  O4  were  prepared 
by  the  ultrasonic-assisted  sol-gel  method  using  adipic  acid 
as  a  chelating  agent.  Stoichiometric  amounts  of  reactants 
Li(CH3C00)-2H20(AR,  99%),  A1(N03)3-9H20(AR,  99%) 
and  Mn(CH3COO)2  -6H20(AR,  99%)  were  dissolved  in  distilled 
water  to  give  a  solution  with  mild  stirring.  An  aqueous  solution 
of  adipic  acid  was  then  added  at  1 : 1  molar  ratios  with  the  total 
metal  ions.  The  pH  of  the  mixed  solution  was  maintained  6.5 
by  adding  ammonium  hydroxide  solution.  Thereafter,  the  mixed 
solution  was  constantly  shocked  at  about  80  °C  for  about  10  h  in 
a  KQ-100  VDE  numerical-control  ultrasonic  cleaner  (Kunshan 
ultrasonic  instrument  Co.  Ltd.,  China)  to  remove  excess  water 
until  a  gel  was  obtained.  The  experiments  were  carried  out  in  a 
batch  reactor  of  volume  up  to  4  L.  The  ultrasonic  apparatus  con¬ 
sisted  of  a  generator,  a  converter  and  a  sonotrode.  The  frequency 
and  power  are  set  at  28  kHz  and  50  W,  respectively.  Then,  the  gel 
was  dried  in  vacuum  drying  oven  for  12  h  at  1 10  °C,  resulting  in 
the  formation  of  amorphous  powders.  The  resulting  amorphous 
powder  was  decomposed  at  400  °C  for  5  h  in  air  to  remove  the 
organic  contents.  Then,  the  resulting  precursor  was  ground  to 
fine  powders  and  calcined  at  800  °C  in  air  for  10  h  to  obtain  the 
final  spinel  product. 

2.2.  Materials  characterization 

Differential  thermal  analysis  (DTA)  and  thermogravimetery 
(TG)  measurements  were  performed  in  air  from  room  tempera¬ 
ture  to  900  °C  with  a  ZRY-2P  thermal  analysis  system  (Shanghai, 
China)  under  a  scanning  rate  of  5°Cmin_1.  Powder  X-ray 
diffraction  (XRD)  was  performed  on  Rigaku  D/MAX-RC  X-ray 
diffractometer  with  Cu  Kcq  (45  kV,  50  mA,  step  size  =  0.02°, 
10°  <20  <80°)  monochromated  radiation  in  order  to  identify 
the  crystalline  phase  of  the  materials.  X-ray  photoelectron  spec¬ 
troscopy  (XPS)  was  collected  to  study  the  Mn  oxidation  state 
of  materials.  All  the  XPS  spectra  were  performed  on  American 
PHI5700  ESC  A  with  a  non-monochromatic  Mg  Ka  (1253.6  eV) 
light  source.  The  C  Is  XPS  at  284.62 eV  was  used  as  the  cali¬ 
bration  of  the  spectra.  Fourier  transform  infrared  (FT-IR)  spec¬ 
troscopy  of  the  samples  was  performed  using  a  Nicolet  Nexus 
360  FTIR  spectrophotometer.  A  total  of  1.5  mg  sample  dried  at 
120  °C  was  thoroughly  mixed  with  200  mg  KBr  and  pressed  into 
pellets  and  the  scans  were  performed  immediately  to  avoid  water 
absorption.  The  frequency  range  was  800-350  cm-1. The  parti¬ 
cle  morphologies  of  the  samples  were  examined  with  a  scanning 


electron  microscope  (SEM,  Hitachi,  S-570).  Cyclic  voltamme¬ 
try  (CV)  was  measured  on  an  electrochemical  workstation  (CHI 
630A)  at  a  scan  rate  of  0.1  mV  s-1  between  3.3  V  and  4.5  V 
(versus  Li/Li+).  Charge-discharge  performance  of  the  cell  was 
characterized  galvanostatically  on  BTS  5  V/5  mA  battery  test¬ 
ing  system  (Shenzhen,  China)  at  C/3  charge  rate  and  C/3  and  1 C 
discharge  rate  between  3.3  V  and  4.5  V  (versus  Li/Li+),  respec¬ 
tively. 

2.3.  Preparation  of  lithium  ion  batteries 

For  the  preparation  of  cathode  sheets,  a  slurry  was  formed 
by  mixing  the  active  material  (85%),  acetylene  black  (10%)  and 
binder  (5  wt%  polyvinylidene  fluoride,  PVDF,  dissolved  in  N- 
methyl-2-pyrrolidone,  NMP).  The  slurry  was  coated  onto  an 
aluminum  current  collector.  The  electrodes  were  dried  under 
vacuum  at  120  °C  overnight  and  then  punched  and  weighed. 
The  batteries  were  assembled  in  a  glove  box  under  a  dry  and 
high  purity  argon  atmosphere  (99.999%).  The  complete  coin 
cell  comprises  a  cathode,  a  celgard  2300  (polypropylene)  as  the 
separator  and  a  lithium  foil  anode.  One  molar  of  LiPF6  (battery 
grade)  dissolved  in  a  mixture  of  ethylene  carbonate  (EC,  battery 
grade)  and  dimethyl  carbonate  (DMC,  battery  grade)  (1:1  by 
volume)  was  used  as  the  electrolyte. 

3.  Results  and  discussion 

3.1.  TG-DTA  analysis 

Fig.  1  shows  the  TG  and  DTA  curves  of  the  precursor  with 
LiAl0.05Mn1.95O4  synthesized  by  UASG  method. 

There  are  four  temperature  intervals  where  significant  mass 
loss  can  be  detected.  The  first  one  is  the  interval  between  room 
temperature  and  170  °C  that  corresponds  to  the  superficial  water 
loss  due  to  the  hygroscopic  nature  of  the  precursor  complex.  The 
second  one  is  in  the  range  between  170  °C  and  300  °C  that  corre¬ 
sponds  to  the  loss  of  water  of  chemical  bond  water  in  the  sample. 
In  the  third  region  300-360  °C,  the  exothermic  peak  observed 
at  355.7  °C  is  accompanied  by  noticeable  weight  lose  in  the  TG 
curve.  It  can  be  considered  as  a  result  of  the  decomposition  of 


Fig.  1.  TG-DTA  curves  for  the  thermal  decomposition  of  the  precursor 
LiAlo.05Mn1.95O4  synthesized  by  UASG  method. 
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Fig.  2.  X-ray  powder  diffraction  patterns  obtained  from  the  prepared  samples: 
(a)  LiMn2C>4  obtained  from  sol-gel  method;  (b)  LiAl0.05Mn1.95O4  obtained 
from  sol-gel  method;  (c)  LiAl0.05Mn1.95O4  obtained  from  UASG  method. 

the  inorganic  and  the  organic  constituents  of  the  precursor  fol¬ 
lowed  by  crystallization  of  spinel  LiAl0.05Mn1.95O4  phase.  In 
the  last  region,  the  TG  curve  becomes  flat  and  no  sharp  peaks 
can  be  observed  in  the  DTA  curve,  indicating  that  no  phase  trans¬ 
formation  occurs,  and  that  any  further  heating  only  makes  the 
structure  of  samples  more  crystalline. 

3.2.  Structure  characterization  of  materials 

Typical  powder  X-ray  diffraction  patterns  of  LiMn204  and 
LiAlo.osMni  95O4  samples  synthesized  by  different  methods  are 
given  in  Fig.  2. 

The  diffraction  patterns  of  three  samples  were  similar,  with 
all  the  peaks  indexable  in  the  Fd3m  space  group  with  a  cubic 
lattice.  It  is  well-known  that  the  position  and  the  FWHM  of 
the  (4  0  0)  peak  are  important  factors  indicating  the  degree  of 
crystallinity  in  LiMn204  spinel  powder.  The  structure  param¬ 
eters  of  LiMn204  and  LiAl0.05Mn1.95O4  powders  are  listed  in 
Table  1. 

The  intensity  of  the  (400)  peak  for  LiMni  95AI0.05O4  sam¬ 
ples  obtained  from  UASG  and  sol-gel  method  are  lower  than  that 
ofLiMn204  powders  due  to  the  small  X-ray  scattering  factor  of 
Al,  though  they  are  smaller  FWHM  value  of  the  (4  0  0)  peak 
than  that  of  LiMn204  powders,  and  the  positions  of  diffraction 
peaks  are  progressively  shifted  toward  a  higher  angel,  meaning 
that  lattice  parameter  decrease  as  shown  in  Table  1,  so  Al- 
substituted  LflVh^CL  compositions  exhibit  better  crystallinity 
than  the  pure  LflVh^CL.  It  may  be  explained  by  the  facts  that: 


(1)  Al3+  ion  (0.053  nm)  has  smaller  ionic  radius  than  that  of 
Mn4+(0.060nm)  and  Mn3+(0.066nm)  [16];  (2)  the  dopant  of 
Al3+  ion  results  in  the  formation  of  more  Mn4+  cation,  and  the 
atomic  radius  of  Mn4+  is  smaller  than  that  of  Mn3+;  (3)  the 
bond  energy  of  the  Al— O  (512kJmol-1)  is  much  greater  than 
that  of  Mn— O  (402  kJ  mol-1),  so  it  has  a  higher  octahedral  site 
preference  energies  (OPE)  which  results  in  diminution  of  the 
bond  length.  The  aforementioned  features  of  the  Al- substituted 
LiMn204  compositions  are  very  desirable  for  being  employed  as 
the  electrode  material  to  improve  the  electrochemical  properties 
of  spinel  LiMn204  cathode  materials  for  lithium  rechargeable 
batteries.  Moreover,  some  works  have  shown  that  the  intensity 
ratio  of  the  two  peaks,  7(3  1  l)//(400),  is  closely  related  to  the 
electrochemical  properties  of  spinel  lithium  manganese  oxide. 
For  example,  it  has  been  reported  that  Al-doped  Li-Mn-0  spinel 
compounds  with  the  7(3  1  l)/7(4  0  0)  ratios  between  0.96  and  1 . 1 
have  shown  better  electrochemical  properties  than  those  outside 
this  region  [7].  In  this  study,  the  7(3  1  l)/7(4  00)  ratio  value  of 
LiMni  95 AI0.05O4  samples  only  obtained  from  UASG  method 
exists  in  this  region.  Comparing  the  7(3  1  l)/7(400)  ratios  of 
spinel  lithium  manganese  oxides  obtained  by  different  meth¬ 
ods  and  those  of  Al-doped  Li-Mn-0  spinel,  it  is  expected  the 
LiMn1.95Al0.05O4  samples  obtained  from  UASG  to  show  better 
electrochemical  performance  than  other  samples.  The  narrow¬ 
est  (400)  peak  of  the  sample  LiAlo.osMni  95O4  obtained  from 
the  UASG  method  also  indicate  that  the  crystallinity  of  the  com¬ 
pound  by  this  new  simple  method  is  better  than  that  of  the  sample 
by  the  sol-gel  method. 

X-ray  photoelectron  spectroscopy  has  been  widely  used  to 
study  the  electronic  structure  of  materials.  The  XPS  binding 
energies  provide  useful  information  on  the  oxidation  states  of 
different  elements  in  materials.  The  Mn  2p  XPS  spectrum  of 
LiMn2C>4  and  LiAlo.osMni  95 O4  are  plotted  in  Fig.  3. 

It  is  shown  in  Fig.  3  that  the  Mn  2p3/2  binding  energy  is 
found  to  be  642.78  eV  and  642.63  eV  for  the  prepared  sam¬ 
ples  LiAlo.osMni  95 O4  and  LflVh^CL,  respectively.  Shaju  et  al. 
have  reported  that  the  Mn  2p3/2  binding  energies  of  Mn3+and 
Mn4+  are  at  641.9 eV  and  643.2 eV,  respectively  [17].  In  this 
study,  the  Mn  2p3/2  binding  energies  were  in  this  region,  indicat¬ 
ing  that  the  Mn  oxidation  state  in  spinel  LiAlo.osMni  95 O4  and 
LiMn2C>4  was  between  +3  and  +4,  and  LiAlo.osMni  95 O4  had 
higher  Mn  oxidation  state  because  of  the  doped  Al.  The  increas¬ 
ing  of  the  Mn  oxidation  state  leads  to  the  shrinkage  of  the  spinel 
framework  because  the  ionic  radius  of  Mn4+  is  smaller  than 
that  of  Mn3+,  resulting  in  smaller  lattice  constants.  The  volume 
change  during  the  cycling  process  may  be  suppressed  by  this 
way. 


Table  1 


Structure  parameters  of  LiM^CL  and  LiAlo.osMni. 95 O4  samples 


Samples 

Lattice 

parameter  (A)a 

Unit  cell 
volume  (A3) 

7(3  1  l)//(4  00) 

FWHM  of  the 
(4  0  0)  peak 

LiMn2C>4  (sol-gel) 

8.238 

559.07 

0.94 

0.300 

LiAl0.05Mn1.95O4  (sol-gel) 

8.211 

552.98 

0.92 

0.229 

LiAlo.osMni. 95 O4  (UASG) 

8.209 

551.77 

0.96 

0.225 

a  Calculated  through  the  least  square  program  method  from  the  diffraction  data. 
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Binding  Energy  (eV) 

Fig.  3.  Mn  2p  XPS  spectrum  of  the  prepared  samples:  (a)  LiAl0.05Mn1.95O4 
obtained  from  UASG  method  and  (b)  LiMn204  obtained  from  sol-gel  method. 

Vibrational  modes  attributed  to  the  motion  of  cations  with 
respect  to  their  oxygen  neighbors  are  sensitive  to  the  point  group 
symmetry  of  the  cations  in  the  oxygen  host  matrix  [18].  Hence, 
the  local  environment  of  the  cations  in  a  lattice  of  close-packed 
oxygen  can  be  studied  by  FT-IR  spectroscopy.  For  the  Al-doped 
Li-Mn-0  spinel,  infrared  spectra  (IR)  shows  that  the  replace¬ 
ment  of  manganese  with  aluminum  at  the  octahedral  16d  sites 
affects  the  vibration  mode  of  Mn— O  bond,  as  shown  in  Fig.  4. 

It’s  found  that  the  FTIR  absorption  of  the  LiAl0.05Mn1.95O4 
and  LiMn204  samples  between  612  cm-1  and  617  cm-1  and 
between  511  cm- 1  and  513  cm- 1  are  attributed  to  the  asymmet¬ 
ric  stretching  modes  of  the  Mn06  group,  based  on  the  results  of 
recent  studies  [19].  It  has  been  reported  that  the  Li-0  stretching 
bands  at  536  cm-1  has  been  observed  in  layered  LiCo02  [20]. 
However,  the  Li-0  vibration  of  the  both  spinels  can  not  be  rec¬ 
ognized  in  this  range  (see  Fig.  4).  It  has  been  reported  that  the 
width  and  the  intensity  of  the  vibrational  bands  of  alkali  metal 
cations  (Li+)  are  dependent  on  the  cation  mass  in  some  cases 
[21],  and  the  vibrational  modes  of  transition  metal  oxide  spinels 


Fig.  4.  FTIR  absorption  spectra  of  the  prepared  samples:  (a)  LiM^CL  obtained 
from  sol-gel  method  and  (b)  LiAl0.05Mn1.95O4  obtained  from  UASG  method. 


are  attributed  to  all  the  atoms  in  the  framework  [22],  so  the  Li-0 
and  Mn-0  vibration  may  be  overlaped. 

In  contrast,  the  Mn-0  stretching  bands  at  612  cm-1  and 
511  cm-1  have  blue  shift  to  617  cm-1  and  513  cm-1,  respec¬ 
tively,  which  may  be  related  to  the  atomic  mass  of  aluminum 
and  the  strength  of  M— O  bond.  In  the  Al-doped  spinels,  the 
Al3+  will  occupy  the  octahedral  16d  sites  to  replace  the  Mn3+. 
The  stretching  vibration  frequency  of  Mn(III)— O  bond  of  Mn06 
octahedron  increases  because  the  atomic  mass  of  aluminum  ion 
is  less  than  that  of  manganese  ion,  so  the  absorption  peak  at 
511  cm-1  has  a  blue  shift.  In  addition,  because  of  the  shrinkage 
of  unit  cell  volume  of  LiAlo.osMni  .95  O4,  the  stretching  vibration 
frequency  of  Mn(IV)— O  bond  increase,  so  the  absorption  peak 
at  612  cm-1  also  has  a  blue  shift. 

It  is  well  known  that  the  surface  morphology  and  particle 
size  distribution  are  also  important  factors  for  electrochemi¬ 
cal  performance  of  the  lithium  secondary  batteries,  so  particle 
size  and  morphology  of  all  samples  have  been  examined  by 
scanning  electron  microscopy.  Fig.  5  exhibits  scanning  electron 
micrographs  (SEM)  of  spinel  samples  obtained  from  different 
synthesis  methods. 

All  of  the  prepared  powders  have  the  uniform,  nearly  cubic 
structure  morphology  with  narrow  size  distribution  which  is  less 
than  1  pm.  However,  there  is  greater  extent  of  agglomeration  of 
particles  in  the  LiM^CL  samples.  The  LiAlo.osMni .95 O4  sam¬ 
ples  obtained  from  sol-gel  method  have  bigger  particle  size 
than  that  of  LiAl0.05Mn1.95O4  samples  obtained  from  UASG 
method.  The  results  indicate  that  the  ultrasonic  process  can  make 
the  solid  powders  dispersed  more  uniformly  in  the  liquid  sub¬ 
stances  and  to  some  extent  effectively  restrain  the  agglomeration 
of  solid  powders.  Furthermore,  both  LiAl0.05Mn1.95O4  samples 
have  octahedral  morphology  with  well  ordered  direction,  which 
suggests  that  Al  ions  were  successively  substituted  for  Mn  in 
LiAlo.osMni  95 O4  host  structure.  In  addition,  it  has  been  reported 
that  spinel  lithium  manganese  oxide  of  octahedral  morphology 
improves  the  thermal  stability  [23] .  The  aforementioned  features 
ofLiAl0.05Mn1.95O4  samples  obtained  from  UASG  method  are 
very  desirable  for  being  employed  as  the  electrode  material  to 
improve  the  electrochemical  properties  of  spinel  lithium  man¬ 
ganese  oxide  cathode  materials  for  lithium  rechargeable  batter¬ 
ies. 

3.3.  Electrochemical  performance 

The  cyclic  voltammogram  properties  of  LiAlo.osMni  95 O4 
samples  obtained  from  different  synthesis  methods  were  tested. 
Cyclic  voltammograms  (sweep  rate:  0. 1  mV  s_  1 )  in  the  potential 
region  of  3. 3-4. 5  V  are  presented  in  Fig.  6,  and  their  values  of 
the  CV  peak  are  listed  in  Table  2. 

It  can  be  seen  from  Fig.  6  that  LiAlo.osMni. 95 O4  sam¬ 
ples  obtained  from  sol-gel  method  are  two  pairs  of  redox 
current  peaks  at  about  3.85  V/4. 12  V  and  3.99  V/4. 27  V,  and 
LiAlo.osMni  95 O4  samples  obtained  from  UASG  method  are 
two  pairs  of  redox  current  peaks  at  about  3.96  V/4. 06  V  and 
4.09  V/4. 17  V,  on  each  cyclic  voltammogram.  These  two  pairs 
of  redox  peaks  correspond  to  a  two-step  reversible  intercalation 
reaction,  in  which  lithium  ions  occupy  two  different  tetragonal 


640 


T.F.  Yi  et  al.  /  Journal  of  Power  Sources  162  (2006)  636-643 


i  i  i  i  i  i  i  •  i  i  i 

5.00um 


110-026  20  OkV  12.7mm  xIO.Ok  SEIM) 


5  OOum  hhb-018  lO.OkV  14.1mm  xIO.Ok  SE(M) 


hhb-006  lO.OkV  14.0mm  xIO.Ok  SE(M) 


5.  OOum 


Fig.  5.  Scanning  electron  micrographs  (SEM)  of  (a)  LiM^CU  obtained  from 
LiAl0.05Mn1.95O4  obtained  from  UASG  method. 


Fig.  6.  Cyclic  voltammetry  for  spinel  LiAl0.05Mn1.95O4:  (a)  synthesis  by  sol-gel 
method  and  (b)  synthesis  by  UASG  method  at  sweep  rate  0.1  mV  s_1 . 

8a  sites  in  spinel  Li^M^CL  (x<  1).  However,  during  the  oxi¬ 
dation  procedure,  it  is  found  that  the  LiAlo.osMni  .95  O4  sample 
obtained  from  sol-gel  method  has  higher  oxidation  potential 
than  that  of  LiAl0.05Mn1.95O4  sample  obtained  from  UASG 
method  corresponding  to  the  extraction  of  Li+  ions.  Deinterca- 


sol-gel  method;  (b)  LiAl0.05Mn1.95O4  obtained  from  sol-gel  method;  (c) 

lation  of  Li+  ions  at  higher  potential  indicates  that  more  driving 
force  is  necessary  to  impel  the  lithium  ions  from  the  host  struc¬ 
ture  to  the  anode  [24].  This  implies  that  the  LiAl0.05Mn1.95O4 
sample  obtained  from  UASG  method  has  better  reversi¬ 
bility. 

In  addition,  the  redox  peaks  of  both  LiAl0.05Mn1.95O4 
electrodes  are  sharp  and  show  well-defined  splitting,  which 
indicates  that  the  powders  exhibit  good  crystallinity.  For 
LiAlo.osMni  95 O4  samples  obtained  from  UASG  method,  the 
measured  value  of  the  ratio  for  peak  currents  7pc// pa  and  the 
separation  of  peak  potentials  Acpv  are  nearly  1  and  80  mV, 
respectively;  however,  for  LiAlo.osMni  95 O4  samples  obtained 
from  sol-gel  method,  the  value  of  /pc//Pa  and  Acpv  are  1.21  and 
280  mV  as  given  in  Table  2,  respectively,  which  demonstrates 
that  lithium  ions  are  intercalation  and  deintercalation  reversible 
in  the  LiAlo.osMni  95 O4  compounds  from  UASG  method  and 
this  redox  system  remains  in  equilibrium  throughout  the  poten¬ 
tial  scan  [25].  This  also  confirms  that  the  LiAlo.osMni  95 O4 
sample  obtained  from  UASG  method  has  a  good  reversibility 
and  its  structure  is  very  advantageous  for  the  transportation  of 
lithium  ions. 

The  charge-discharge  curves  of  all  electrode  materials  at 
C/3  charge-discharge  rate  between  3.3  V  and  4.5  V  are  shown 


Table  2 

Values  of  the  CV  peaks  for  LiAlo.osMni. 95 O4  sample  synthesized  by  different  methods 


Samples 

<?pa  (V) 

<Ppc  (V) 

A<pp  (mV)a 

7Pa  (mA) 

fpc  (mA) 

/pc/fpa 

LiAl0.05Mn1.95O4  (sol-gel) 

3.99 

4.27 

280 

0.23 

0.28 

1.21 

LiAl0.05Mn1.95O4  (UASG) 

4.09 

4.17 

80 

0.27 

0.29 

1.07 

Acpp  —  cppa 
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Fig.  7.  Voltage  (V)-specific  capacity  (mAhg-1)  profiles  obtained  from  (a) 
LiMn2C>4  obtained  from  sol-gel  method;  (b)  LiAlo.05Mn1.95O4  obtained  from 
sol-gel  method;  (c)  LiAl0.05Mn1.95O4  obtained  from  UASG  method  during 
charge-discharge  step  in  the  3. 3-4.5  V  region  at  C/3. 

in  Fig.  7.  The  discharge  curves  of  all  electrode  materials 
at  1C  discharge  rate  between  3.3  V  and  4.5  V  are  given  in 
Fig.  8. 

All  charge-discharge  curves  exhibit  two  obvious  discharge 
plateaus  associated  with  two- stage  mechanism  of  the  electro¬ 
chemical  lithium  intercalation  at  4.0-4. 1  V  and  3. 9-4.0  V.  The 
first  voltage  plateau  at  about  4.0  V  is  attributed  to  the  removal 
of  lithium  ions  from  half  of  the  tetrahedral  sites  in  which  Li-Li 
interactions  occur.  The  second  voltage  plateau  observed  at  about 
4.1V  is  due  to  the  removal  of  lithium  ions  from  the  other  tetra¬ 
hedral  sites  in  which  lithium  ions  do  not  have  Li-Li  interactions. 
The  initial  capacities  of  LhVh^CL  (sol-gel),  LiAlo.osMni .95O4 
(sol-gel),  and  LiAl0.05Mn1.95O4  (UASG)  are  130.9  mAh  g-1, 
126.2  mAh  g-1  and  127.9  mAh  g-1,  respectively.  LiMn204  has 
the  highest  discharge  capacity  among  three  samples,  which  is 
due  to  the  highest  amount  of  Mn3+  ions  in  LiMn204  spinel  phase. 
During  charge-discharge,  the  change  of  manganese  valence 


Fig.  8.  Voltage  (V)-specific  capacity  (mAhg-1)  profiles  obtained  from  (a) 
LiMn2C>4  obtained  from  sol-gel  method;  (b)  LiAl0.05Mn1.95O4  obtained  from 
sol-gel  method;  (c)  LiAl0.05Mn1.95O4  obtained  from  UASG  method  during  dis¬ 
charge  step  in  the  3. 3-4. 5  V  region  at  1C. 


state  occurs  as  follows: 

LhVhuCL  Lii_*Mn204  +  xLi  +  xe~ 

The  reaction  shows  that  during  the  charge,  the  deintercalation 
of  lithium  ion  from  the  spinel  is  accompanied  by  an  oxidation 
of  Mn3+  to  Mn4+.  So  the  more  Mn3+  that  exists  in  LiM^CL,  the 
more  lithium  ion  can  deintercalate  from  the  host,  so  more  lithium 
ion  can  intercalate  into  the  anode,  and  increase  the  discharge 
capacity. 

The  initial  capacities  of  LiM^CL  (sol-gel),  LiAlo.05 
Mni  9504  (sol-gel),  and  LiAlo.05Mn1.95O4  (UASG)  at  1C 
discharge  rate  are  108.0  mAh  g-1,  105.0  mAh  g-1  and 

107.7  mAh  g-1,  respectively.  It  is  clearly  to  see  that  LiAlo.05 
Mni  9504  (UASG)  has  nearly  equal  initial  capacity  with 
LiMn204  (sol-gel)  at  high  discharge  rate,  but  LiAlo.osMni  .95  O4 
(UASG)  has  higher  discharge  potential  than  that  of  LiMn204 
(sol-gel).  In  addition,  LiAl0.05Mn1.95O4  (UASG)  has  higher 
discharge  potential  and  capacity  than  that  of  LiAlo.osMni .95 O4 
(sol-gel),  which  reveals  that  the  sample  obtained  via  UASG 
method  has  the  best  electrochemical  performance  among  three 
samples.  With  increasing  the  discharge  rate,  the  discharge 
capacity  descend  quickly,  and  the  discharge  potential  and 
discharge  plateaus  also  change  a  lot,  which  two  discharge 
voltage  plateaus  of  4  V  become  one  plateaus. 

In  order  to  study  the  influence  of  doping  Al3+  ions  and  syn¬ 
thesis  method  on  the  cycle  ability  of  spinel  lithium  manganese 
oxide,  the  result  of  the  cycle  profile  of  Al-doped  spinel  is  illus¬ 
trated  in  Fig.  9.  Table  3  summarizes  the  cycling  performance  of 
the  prepared  powders  discharged  at  different  current  densities 
from  Fig.  9. 

It  is  found  that  both  LiAlo.osMni  .95  O4  samples  have  bet¬ 
ter  cycle  ability  as  given  in  Fig.  9,  which  is  believed  to  be 
related  with  the  doped  aluminum.  This  may  be  explained  that  the 
Jahn-Teller  distortion  is  effectively  restrained  because  Al3+  ions 
substituted  Mn3+  ions.  Compared  with  the  LiAl0.05Mn1.95O4 
synthesized  by  sol-gel  method,  the  Al-doped  LiAlo.osMni  .95  O4 
obtained  from  the  new  simple  UASG  method  has  a  larger  initial 
discharge  capacity  and  much  higher  capacity  retention  rate  after 
50  cycles  as  shown  in  Table  3,  which  is  due  to  be  related  with  its 
better  crystallinity  and  regular  morphology,  also  this  comment 
is  well  consistent  with  the  SEM  results  mentioned  above. 

LiAl0.05Mn1.95O4  (UASG)  exhibits  the  best  capacity  reten¬ 
tion  upon  cycling  and  high  current  discharge  performance 
among  all  samples.  The  excellent  recharge  ability  for  the  Al- 
doped  spinels  results  from  a  homogeneous  insertion/extraction 
reaction  proceeding  over  the  entire  intercalation  region.  Accord¬ 
ingly,  it  is  obvious  that  the  UASG  method  is  more  suitable  to 
prepare  the  spinel  LiMn204  with  a  good  cubic  spinel  struc¬ 
ture  and  cycle  performance.  This  new  method  appears  to  be  a 
better  alternative  to  the  traditional  sol-gel  method  for  synthe¬ 
sizing  lithium  ion  battery  cathode  materials.  As  we  know,  the 
high  rate  discharge  capability  is  one  of  the  most  important  elec¬ 
trochemical  performances  in  the  application  of  electrode  and 
battery,  and  the  excellent  rate  capability  of  the  LiAl0.05Mn1.95O4 
(UASG)  makes  it  attractive  particularly  for  a  practical  applica¬ 
tion  because  of  the  ultrasonic-catalysis  during  the  preparation  of 
gel  precursor,  which  the  ultrasonic  process  can  make  the  solid 
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Table  3 


Cycle  performance  datum  of  the  prepared  powders  at  different  discharge  rate  for  the  1st  cycle  and  the  50th  cycle 


Samples 

Discharge  rate 

Initial  discharge 
capacity  (mAh  g~ 1 ) 

Discharge  capacity  after 

50  cycles  (mAhg-1) 

Capacity  retention 
ratio  (%)a 

LiMn204  (sol-gel) 

C/3 

130.9 

113.7 

86.86 

1C 

108.0 

85.56 

79.22 

LiAl0.05Mn1.95O4  (sol-gel) 

C/3 

126.2 

115.7 

91.68 

1C 

105.0 

87.63 

83.46 

LiAlo.osMni. 95 O4  (UASG) 

C/3 

127.9 

120.6 

94.29 

1C 

107.7 

93.24 

86.57 

a  The  capacity  retention  ratio  is  according  to  the  equation:  (C50/C1)  x  100%,  where  C50  is  the  discharge  capacity  after  50  cycles  and  C\  is  the  initial  discharge 
capacity. 


powders  dispersed  more  uniformly  in  the  liquid  substances.  The 
mechanism  of  ultrasonic-catalysis  is  not  related  with  the  direct 
interaction  between  sound  waves  and  molecules,  but  the  liquid 
vacuum  process.  When  air  bubbles  collapse,  the  local  temper¬ 
ature  will  be  above  5000  K  and  the  local  pressure  will  be  up 
to  5  x  107  Pa.  Meanwhile,  the  change  rate  of  temperature  is 
about  109  K  s~ 1  and  there  are  intense  bow  wave  and  400  km  h~ 1 
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Fig.  9.  Capacity  vs.  cycle  number  for  LiM^CU  (sol-gel),  LiAl0.05Mn1.95O4 
(sol-gel),  and  LiAlo.05Mn1.95O4  (UASG)  cells  at  a  discharge  current  density  of 
(a)  C/3  and  (b)  1C  between  3.3  V  and  4.5  V. 


current,  which  offers  a  very  special  physical  condition  [26,27]. 
Under  such  a  condition,  ultrasonic  wave  treating  can  increase  the 
uniformity  of  the  aipic  acid  molecules  and  metal  ions  arrange¬ 
ment.  Due  to  the  strong  stirring  of  ultrasonic  wave,  the  diffusion 
and  the  transfer  of  metal  ions  become  easier,  and  the  precursors 
can  form  a  homogeneous  single  phase  of  precise  stoichiometry. 
Therefore,  ultrasonic  wave  treating  can  significantly  increase 
physicochemical  properties,  and  this  comment  is  well  consistent 
with  the  experimental  results  mentioned  above  in  this  paper. 

4.  Conclusions 

In  this  paper,  aluminum  doped  spinel  LiAlo.osMni  .95  O4 
with  spinel  structure  and  excellent  electrochemical  performance 
have  been  successfully  prepared  by  a  new  UASG  method. 
LiAlo.osMni  95 O4  (UASG)  indicates  that  the  crystallinity  of 
the  compound  by  this  new  simple  method  is  better  than  that 
of  the  sample  by  the  sol-gel  method.  LiAl0.05Mn1.95O4  has 
higher  Mn  oxidation  state,  and  the  absorption  peak  of  Mn(III)— O 
and  Mn(IV)— O  bonds  has  blue  shift  because  of  the  doped  Al. 
LiAlo.osMni  95 O4  powders  (UASG)  have  the  uniform,  nearly 
cubic  structure  and  octahedral  morphology  with  narrow  size  dis¬ 
tribution  which  is  less  than  1  |jim.  LiAl0.05Mn1.95O4  (UASG)  has 
a  good  reversibility  and  its  structure  is  very  advantageous  for  the 
transportation  of  lithium  ions.  The  initial  capacities  of  LiMn204 
(sol-gel),  LiAl0.05Mn1.95O4  (sol-gel),  and  LiAl0.05Mn1.95O4 
(UASG)  and  capacity  retention  after  50  cycles  at  C/3  dis¬ 
charge  rate  are  130.9  mAh  g-1, 126.2  mAh  g-1,  127.9  mAh  g-1 
and  86.86%,  91.68%,  94.29%,  respectively.  The  initial  capac¬ 
ities  of  LiMn204  (sol-gel),  LiAl0.05Mn1.95O4  (sol-gel),  and 
LiAl0.05Mn1.95O4  (UASG)  and  capacity  retention  after  50 
cycles  at  1 C  discharge  rate  are  108.0  mAh  g_1 ,  105.0  mAh  g_1 , 
107.7  mAh  g-1  and  79.22%,  83.46%,  86.57%,  respectively, 
which  reveals  that  the  sample  obtained  via  UASG  method  has 
the  best  electrochemical  performance  among  three  samples. 
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